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SUiaJARY 
Within certain ranges of temperature and pressure, the 
air-vapour mixture produced above the liquid fuel in aircraft 
fuel tanks will support combustion, and will burn explosively on 
the addition of the necessary energy for ignition. Although 
the danger zone for each type of aviation fuel can be clearly 
defined under equilibrium conditions, the many transient factors 
involved in practice make it difficult to find completely safe 
operating conditions for any fuel. 
A war-time approach to the solution was the continuous 
purging of the tank free space with nitrogen to reduce the 
oxygen content of the admixed sir below the minimum permissible 
for combustion. In order to avoid the weight and bulk of air-
borne nitrogen storage eauipment, combustion products have been 
suggested as an alternative and continuously-available supply of 
inert gases. The source of these gases may be either the 
primary zone of some combustion chambers of the main gas-turbine 
engines, or a separate inert gas generator located within the 
aircraft. 
This report describes experiments made on sampling from 
the primary zone of a Dermmt I chaMber, and on the testing of 
various automatic control devices suitable for an inert gas 
generator. The conclusions drawn from the results arc that both 
systems of purge gas supply are feasible, and that the critical 
condition will be the high altitude dive with engine idling, when 
the purge gas requirement is a maximum, and the supply a minimum. 
This re-oort is based on sections of a thesis submitted by Mt. 
Cadman in June 1953, and a thesis submitted by S/1M-. :Jurchie 
in June 19544  as part of the requirements for the award of the 
Diploma of The College of Aeronautics. The investigations were 
made under the supervision of Dr. Goodger. 
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1 .  T h e  E  l e s i o n o l AT I ` r  e m  a n d  S a f e t
y  
 
1 . 1 .  I n t r o d u c t i o n   
T h e  f i r e  h a z a r d  i n  a v i a t i o n  i s  a  p r o b l e m  w h i c h  h a s  
c a l l e d  f o r  c o n t i n u e d  r e s e a r c h ,  a n d  t h e  a d v a n c e s  i n  a i r c r a f t  
d e s i g n  a n d  f u e l  h a n d l i n g  t e c h n i q u e s  h a v e  d o n e  m u c h ,  i n  c i v i l  
a v i a t i o n ,  t o  r e d u c e  f i r e  t o  a  f a i r l y  r e m o t e  p o s s i b i l i t y .  I n  
m i l i t a r y  a v i a t i o n ,  h o w e v e r ,  f i r e  i n i t i a t e d  b y  e n e m y  a c t i o n  i s  t h e  
d i r e c t  c a u s e  o f  m o s t  a i r c r a f t  l o s s e s ,  a n d  f u r t h e r  a c t i v e  d e v e l o p -
m e n t  i s  t h e r e f o r e  v i t a l .  
T h e  g e n e r a l  p r o b l e m  c a n  b e  s u b d i v i d e d  i n t o  t h e  v a r i o u s  
a s p e c t s  o f  a i r f r a m e  a n d  e n g i n e  f i r e s  o c c u r r i n g  i n  t h e  a i r  o r  o n  
t h e  g r o u n d ,  a n d  i n c l u d e s  t h e  i n i t i a t i o n  o f  f i r e s  w i t h i n  t h e  a i r -
c r a f t  f u e l  t a n k s .  T h i s  l a t t e r  a s p e c t  i s  p a r t i c u l a r l y  s e r i o u s  i n  
t h a t  i t  a l m o s t  i n v a r i a b l y  l e a d s  t o  e x p l o s i o n  a n d  t h e  t o t a l  l o s s  
o f  t h e  a i r c r a f t .  T h e  c o n d i t i o n s  u n d e r  w h i c h  s u c h  d i s a s t e r s  m a y  
o c c u r ,  t o g e t h e r  w i t h  a  p o s s i b l e  m e t h o d  o f  p r o t e c t i o n ,  f o r m  t h e  
b a s i s  o f  t h i s  r e p o r t .  
A s  i n  a l l  c o m b u s t i o n  p r o c e s s e s ,  e x p l o s i o n  i s  o n l y  p o s s -
i b l e  w h e n  t h e  t w o  r e q u i r e m e n t s  o f  i g n i t i o n  e n e r g y  a n d  i n f l a m m a b l e  
m i x t u r e  s t r e n g t h  a r e  m e t .  S u f f i c i e n t  e n e r g y  f o r  i g n i t i o n  m a y  b e  
p r o v i d e d  i f  t h e  t a n k  i s  p i e r c e d  b y  i n c e n d i a r y  m i s s i l e s ,  o r  b y  
m e t a l l i c  p a r t i c l e s  w h i c h  m a y  s p a r k  o n  s t r i k i n g  i n t e r n a l  b a f f l e s .  
T h e  s t r e n g t h  o f  t h e  v a p o u r - a i r  m i x t u r e  a b o v e  t h e  l i q u i d  f u e l  i n  a n  
a i r c r a f t  f u e l  t a n k  i s  i n f l u e n c e d  b y  a  n u m b e r  o f  f a c t o r s  a n d ,  u n d e r  
c e r t a i n  c i r c u m s t a n c e s ,  l i e s  w i t h i n  t h e  i n f l a m m a b l e  r a n g e  f o r  t h e  
f u e l .  
A s  i t  i s  i m p r a c t i c a b l e  t o  c o u n t e r a c t  c o m p l e t e l y  t h e  
i g n i t i o n  d a n g e r  b y  m e a n s  o f  e x t e n s i v e  a r m o u r - p l a t i n g ,  r e c e n t  d e v -
e l o p m e n t  w o r k  o n  e x p l o s i o n  s a f e t y  h a s  p r o c e e d e d  m a i n l y  u p o n  t h e  
f o l l o w i n g  a l t e r n a t i v e  l i n e s . -  
( a )  
U s i n g  n i t r o g e n  f o r  c o n t i n u o u s l y  p u r g i n g  t h e  v a p o u r - a i r  
m i x t u r e  i n  o r d e r  t o  r e n d e r  i t  i n e r t .  
- . M e r e  n e c e s s a r y ,  
t h e  n i t r o g e n  a l s o  a c t s  a s  t h e  p r e s s u r i s i n g  f l u i d .  
( b )  P r o j e c t i n g  e x t i n g u i s h a n t  i n t o  t h e  
v a p o u r  a s  s o o n  a s  a  
s m a l l  r i s e  i n  t a n k  p r e s s u r e  i n d i c a t e s  a n  i n c i p i e n t  
e x p l o s i o n .  
T h e  e x p l o s i o n  s u p p r e s s i o n  m e t h o d  h a s  b e e n  s h o w n  t o  b e  
m a r k e d l y  e f f e c t i v e  b u t ,  b e i n g  a  s i n g l e  s h o t  s y s t e m ,  c a n n o t  b e  
r e s e t  f o r  r e p e a t e d  u s e .  T h e  n i t r o g e n  p u r g i n g  s y s t e m  h a s  b e e n  
d e v e l o p e d  t o  g i v e  e x p l o s i o n  s a f e t y  f o r  t h e  t a n k s  o f  l a r g e  a i r -
c r a f t ,  b u t  i s  u n s u i t a b l e  f o r  s m a l l  a i r c r a f t  d u e  t o  t h e  b u l k  o f  
e q u i p m e n t  r e q u i r e d .  I n  o r d e r  t o  o v e r c o m e  t h i s  d r a w b a c k ,  c o m -
b u s t i o n  p r o d u c t s  h a v e  b e e n  s u g g e s t e d  a s  a n  a l t e r n a t i v e  a n d  
c o n t i n u o u s l y - a v a i l a b l e  s u p p l y  o f  
i n e r t  g a s .  T h e  
s o u r c e  o f  t h e s e  
g a s e s  m a y  b e  e i t h e r  t h e  p r i m a r y  z o n e  o f  s o m e  c a d b u s t i o n  c h a d b e r s  
of the main gas turbine engines, or a separate cabustor, 
automatically-controlled to operate at or near stoichlometric 
conditions, located within the aircraft. The design of a sep-
arate combustor for inert gas purging is described by Hill 
(ref. 1), but little information has been found regarding primary 
zone sampling. It was decided at the College of Aeronautics, 
therefore, to investigate the possibilities of both methods of 
inert gas production. 
1.2. Explosive Limits in Aircraft Fuel Tanks 
Most published results for the inflammable limit mix-
tures of fuel vapour in air (or oxygen) relate to homogeneous 
conditions within spheres (ref. 2) or cylindrical tubes (ref. 3). 
For the hydrocarbons contained in average commercial fuels, the 
inflammable range extends from approximately 1.2 to 7,0 per cent 
by volume of fuel vapour in the miTture with air at atmospheric 
pressure and temperature, and these limits gradually approach 
each other as the temperature level is reduced, Reduction in 
pressure has little effect until a pressure level of about 
200 m.m. mercury (= 32,600 ft. I.C.A.N.) is reached, after which 
the limits approach each other to meet at a minimum pressure of 
about 50 mom. mercury (= 61,500 ft.), depending upon the energy 
of the igniting agent. 
Results have now been presented (ref. 4) to effect the 
calculation of weak and rich explosive limit mixtures for aviation 
gasoline in aircraft fuel tanks together with the temperatures at 
which these mixtures occur. Further results have been presented 
in the form of curves (fig. 1) showing the variation of the limit 
temperatures with altitude for most aviation fuels (ref. 5). The 
conditions leading to a tank explosion are similar to those 
obtaining during a laboratory determination of flash point, when 
an igniting flame is introduced into the vapour space above the 
liquid surface. However, complete agreement between laboratory 
and tank tests cannot be expected;  due to differences in dimensions 
and scale, and it is noticeable that 	 lower explosion limit 
temperatures at sea-level are some 7
o 
 C below the respective flash 
point values. The conventional flash point is thus no true 
criterion of safety from explosion in a tank containing undis-
turbed fuel and air. 
These temperature curves show that the vulnerability of 
aircraft tanks to explosion depends upon the initial fuel tempera-
ture, together Ir'.th the rate of climb and subsequent behaviour in 
the air. For example, kerosine would be the safer fuel to use 
when operating with a low ground temperature and rate of climb 
(e.g, heavy bomber in the arctic), and gasoline preferable for a 
high-speed aircraft in the tropics. This is in direct opposition 
to the high specific gravity requirement for the modern high 
performance fighter aircraft in which stowage space is at a premium, 
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N o m i n a l l y ,  t h o s e  t e m p e r a t u r e  l i m i t  b o u n d a r i e s  e n c l o s e  
t h e  e q u i l i b r i u m  d a n g e r  a r e a s ,  b u t  e x p l o s i o n  i s  a l s o  p o s s i b l e  
b e y o n d  b o t h  l i m i t s  u n d e r  t h e  f o l l o w i n g  c i r c u m s t a n c e s .  W h e n  
l i q u i d  f u e l s  a r e  s p r a y e d  i n t o  t h e  a i r ,  t h e  g r e a t l y  i n c r e a s e d  
s u r f a c e  a r e a  r e s u l t s  i n  a  c o r r e s p o n d i n g l y  i n c r e a s e d  r a t e  o f  
v a p o r i s a t i o n ,  a n d  a  g r e a t e r  e f f e c t i v e  v o l a t i l i t y .  E x p l o s i o n  
t h u s  a l s o  b e c o m e s  p o s s i b l e  b e y o n d  t h e  l o w  t e m p e r a t u r e  s i d e  o f  
t h e  n o r m a l  b o u n d a r y  c u r v e ,  a n d  m a , y  o c c u r  w h e n  a  m i s s i l e  e n t e r s  a  
t a n k  a n d  c a u s e s  t h e  l i q u i d  f u e l  t o  s p l a s h .  
E x p l o s i o n  o n  t h e  h i g h  t e m p e r a t u r e  s i d e  o f  t h e s e  b o u n d -
a r i e s  i s  p o s s i b l e  w h e n  t h e  o x y g e n  c o n t e n t  o f  t h e  a i r  i n  t h e  
m i x t u r e  i s  i n c r e a s e d i  
 t h e  e f f e c t  b e i n g  t o  d i s p l a c e  t h e  b o u n d a r y  
c u r v e s  b o d i l y  i n  t h e  h i g h  t e m p e r a t u r e  d i r e c t i o n .  A s  h y d r o c a r b o n  
f u e l s  a b s o r b  a t m o s p h e r i c  g a s e s ,  a n d  t h e  s o l u b i l i t y  o f  o x y g e n  i s  
g r e a t e r  t h a n  t h a t  o f  n i t r o g e n ,  t h e  r e l e a s e  o f  o x y g e n - r i c h  ' a i r '  
a t  a l t i t u d e  d i s p l a c e s  t h e  e x p l o s i o n  b o u n d a r i e s  i n  f i g .  1  t h r o u g h  
a b o u t  1 0 ° C .  T h e  i n g r e s s  o f  a t m o s p h e r i c  a i r  t h r o u g h  t h e  t a n k  
v e n t s  w h e n  d i v i n g  i n t o  z o n e s  o f  h i g h e r  p r e s s u r e  a l s o  p r o v i d e s  
e x p l o s i v e  m i x t u r e s  a t  t e m p e r a t u r e s  h i g h e r  t h a n  t h e  n o r m a l  b o u n d a r y  
v a l u e s .  T h i s  f o l l o w s  a s  t h e  f u e l  v a p o u r ,  n o r m a l l y  t o o  r i c h  t o  
b u r n ,  d i f f u s e s  r e l a t i v e l y  s l o w l y  i n t o  t h e  i n c o m i n g  a i r ,  a n d  
c r e a t e s  n e a r  t h e  v e n t  a  r e g i o n  o f  m i x t u r e  w h o s e  s t r e n g t h  g r a d a t e s  
i n t o  t h e  w e a k  e x p l o s i v e  r a n g e .  T h e  a b o v e  t h r e e  e f f e c t s  a r e  
i l l u s t r a t e d  f o r  a v i a t i o n  k e r o s i n e  i n  f i g .  2 .  W h e n  a t m o s p h e r i c  
a i r  i s  u s e d  a s  t h e  p r e s s u r i s i n g  f l u i d  t o  p r e v e n t  f u e l  b o i l i n g  a t  
a l t i t u d e ,  t h e  l o w e r e d  e f f e c t i v e  a l t i t u d e  w i t h i n  t h e  t a n k  b r i n g s  
t h e  o p e r a t i n g  c o n d i t i o n s  d o w n  t o w a r d s  t h e  e x p l o s i v e  r a n g e  d u r i n g  
o p e r a t i o n  o n  t h e  h i g h  t e m p e r a t u r e  s i d e  o f  t h e  b o u n d a r y ,  ( r e f .  6 ) .  
I t  i s  e v i d e n t ,  t h e r e f o r e ,  t h a t  t h e  m a n y  f a c t o r s  i n v o l v e d  
m a k e  i t  d i f f i c u l t  t o  f i n d  c o m p l e t e l y  s a f e  o p e r a t i n g  c o n d i t i o n s  
f o r  a n y  a v i a t i o n  f u e l ,  a n d  e f f e c t i v e  a n d  c o n t i n u o u s  p r o t e c t i o n  
o f  s o m e  k i n d  i s  e s s e n t i a l  w h e n  f l y i n g  u n d e r  c o n d i t i o n s  l i k e l y  t o  
l e a d  t c  t a n k  e x p l o s i o n .  
1 . 3 .  
C o m b u s t i o n  P r o d u c t s  a s  a  P o s s i b l e  I n c r t i n p  F l u i d  
I t  i s  n o t  n e c e s s a r y  t o  r e m o v e  c o m p l e t e l y  t h e  o x y g e n  f r o m  
a i r  i n  o r d e r  t o  i n h i b i t  c o m b u s t i o n ,  a n d  r e s u l t c
-   f r o m  r e f .  7  
s h o w  
t h a t  t h e  o x y g e n  c o n t e n t  o f  a i r  n e e d  b e  r e d u c e d  o n l y  t o  1 2 . 1  p e r  
c e n t  b y  v o l u m e  t o  g i v e  i n e r t n e s s  ( f i g .  3 ) .  T h i s  f i g u r e  a l s o  
s h o w s  t h a t  i n e r t  e x h a u s t  g a s e s  ( 8 5  p e r  c e n t  N
9   a n d  1 5  p e r  c e n t  0 0 2 )  
f r o m  a n  a u t o m o b i l e  e n g i n e  a r e  m o r e  e f f e c t i v e  t h a n  p u r e  n i t r o g e n  
i n  s u p p r e s s i n g  c o m b u s t i o n ,  t h e  m i n i m u m  o x y g e n  c o n t e n t  b e i n g  
1 3 . 4  p e r  c e n t .  H o w e v e r ,  a s  f r e e  n i t r o g e n  i s  l i k e l y  t o  b e  p r e s e n t  
i n  a d d i t i o n  t o  t h a t  c o n t a i n e d  i n  t h e  c o m b u s t i o n  p r o d u c t s ,  t h e  
1 2 . 1  p e r  c e n t  l i m i t  s h o u l d  b e  u s e d  a s  t h e  s a f e t y  t h r e s h o l d .  
T h e  f i r s t  r e q u i r e m e n t  f o r  a n y  i n e r t i n g  g a s ,  t h e r e f o r e ,  i s  t h a t  
i t s  o x y g e n  c o n t e n t  s h o u l d  b e  a p p r e c i a b l y  l e s s  t h a n  1 2 . 1  p e r  c e n t  
s o  t h a t  t h e  o x y g e n  c o n t e n t  o f  t h e  ' a i r '  p o r t i o n  o f  t h e  p u r g e d  
mixture does not exceed this figure, when allowing for air release, 
tank breathing, and so on. to arbitrary maximum of 6 per cent 
has been assumed in the tests at Cranfield. 
The theoretical concentration curves for dry exhaust 
gases show the oxygen content to be well below this limit even 
with mixtures considerably weaker than stoichicmetric (fig. 4). 
It appears practicable, therefore, to produce engine exhaust 
gases of a nature suitable for tank purging. As the am in the 
design of gas turbine combustors is to burn the fuel almost com-
pletely within the primary zone, a continuous source of these 
gases immediately becomes apparent. Accordingly, tests were 
carried out with a single gas turbine combustor in order to 
determine the nature and rate of flow of primary zone samples. 
Secondly, checks were made on the effectiveness of various auto-
matic mixture control devices, in order to determine the most 
promising system for application to a combustor working independ-
ently from the main engine combustion system. 
1.4. Flow Requirements for  FUreed Tanks 
In a climbing aircraft, the purge gas flow requirements 
of a fuel tank are dictated by the release of oxygen-rich air from 
the fuel. Requirements for equilibrium conditions can be cal-
culated from a knowledge of the rate of air release and the 
maximum permissible oxygen content, although a higher purge rate 
would be desirable in practice in order to cover the sudden 
releases of air due to supersaturation. 
Of the data available on the saturation content of air 
in hydrocarbon fuels, the expressions fron ref. 8 are convenient, 
giving rates of air release for a given volume of fuel at a given 
rate of climbn  These expressions have been used in Appendix A 
to determine the flow rates of combustion products required to 
render inert the free space above 100 gallons of aviation kerosine, 
climbing at 5,000 ft./min. The caMbustion products are assumed 
to contain 6 per cent by volume of oxygen, and the requirements 
are shown in fig. 5A for diluting the released air to 12.1 per cent 
(the safety threshold), and to 10 per cent. The nitrogen 
threshold curve is included for comparison. These gas flows are 
likely to be more than adequate to occupy the space left by the 
liquid fuel consumed during the clinb. 
In the descent case, a tank free-space of 100 gallons 
is taken as a basis and, as kerosine exerts a very lour vapour 
pressure, particularly at the low temperatures at altitude, the 
space can be assured to contain air only, with its oxygen content 
limited to 12.1 per cent due to previous purging. 7ith increasing 
air density on descent, this air is compressed into a smaller 
volume, the volume change being occupied by both purge gas and 
inhaled air. For the threshold condition, the proportion of 
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t h e s e  t w o  i n c o m i n g  f l u i d s  m u s t  b e  s u c h  t h a t  t h e i r  t o t a l  o x y g e n  
c o n t e n t  a l s o  e q u a l s  1 2 . 1  p e r  c e n t .  T h e  p u r g e  g a s  a n d  n i t r o g e n  
r e q u i r e m e n t  c u r v e s  f o r  d e s c e n t  a r e  s h o w n  i n  f i g .  5 B .  
2 .  T a p p i n g  t h e  h a  
 i n  E n g i n e   
T h e  t w o  m a j o r  
p r o b l e m s  p r e s e n t i n g  t h e m s e l v e s  u h e n  c o n -
s i d e r i n g  s a m p l i n g  f r o m  t h e  p r i m a r y  z o n e  o f  c o m b u s t i o n  c h a m b e r s  
a r e  t h e  h i g h  t e m p e r a t u r e  ( 1 6 0 0 ° C . )  i n v o l v e d ,  a n d  t h e  p o s s i b l e  
c h a n g e s  i n  c o m b u s t i o n  p a t t e r n  o c c a s i o n e d  b y  v a r i a t i o n s  i n  t h e  
m a n y  c o n t r o l l i n g  f a c t o r s .  E v e n  w h e n  a  s u i t a b l e  c o o l e d  p r o b e  i s  
d e v e l o p e d  a n d  l o c a t e d  t o  s a m p l e  g a s e s  o f  a c c e p t a b l e  o x y g e n  c o n -
t e n t  a t  a  g i v e n  c o n d i t i o n o t h e  n e e d  i s  r e c o g n i s e d  
f o r  e x h a u s t i v e  
t e s t s  a t  o t h e r  c o n d i t i o n s  t o  e n s u r e  t h a t  t h e  m a x i m u m  p e r m i s s i b l e  
o x y g e n  c o n t e n t  i s  s t i l l  n o t  e x c e e d e d .  I n  a d d i t i o n ,  t h e  p r e s e n c e  
o f  t h e  p r o b e  m u s t  n o t  i n  i t s e l f  s e r i o u s l y  a f f e c t  t h e  c o m b u s t i o n  
p r o c e s s  o r  t h e  m a i n  g a s  f l a w .  F u r t h e r ,  t h e  s a m p l e d  g a s e s  m u s t  
b e  s u f f i c i e n t l y  c o o l e d ,  a n d  t h e  c o n d e n s e d  w a t e r  d i s p o s e d  o f .  
T h e  e q u i p m e n t  a v a i l a b l e  f o r  t h e s e  t e s t s  c o n s i s t e d  o f  a  
D e r v v e n t  I  c o m b u s t i o n  
c h a m b e r ,  w h i c h  w a s  c o n s i d e r e d  t o  b e  r e a s o n -
a b l y  s i m i l a r  i n  d e s i g n  t o  c u r r e n t  c h a m b e r s ,  t o g e t h e r  w i t h  
a s s o c i a t e d  n i r  a n d  f u e l  s u p p l y  s y s t o a s ,  i g n i t e r  p l u g  a n d  b o o s t e r  
c o i l ,  a n d  a n  O r s a t  a p p a r a t u s  f o r  t h e  a b s o r p t i o n  o f  o x y g e n  f r o m  
t h e  s a m p l e s ,  ( f i g . 6 ) ( r e f . 9 ) .  A i r  w a s  d e l i v e r e d  t o  t h e  t e s t  r i g  
f r o m  a  B r i s t o l  H e r c u l e s  t y p e  s u p e r c h a r g e r ,  t h e  a i r  t e m p e r a t u r e  
a t  t h e  c h a m b e r  i n l e t  b e i n g  a b o u t  4 0 ° C .  T h e  c h a m b e r  d i s c h a r g e d  
d i r e c t l y  t o  a t m o s p h e r e ,  s o  t h a t  n o  c o n t r o l  o f  c h a m b e r  p r e s s u r e  
w a s  a v a i l a b l e .  A v i a t i o n  k e r o s i n e  t o  s p e c i f i c a t i o n  D . E n g . R . D .  
2 4 8 2  w a s  u s e d  t h r o u g h o u t  t h e  t e s t s .  
I n  o r d e r  t o  r e p r o d u c e  a n  a c t u a l  r u n n i n g  c o n d i t i o n ,  i t  
w a s  n e c e s s a r y  t o  s e l e c t  o n e  a t  w h i c h  t h e  c o m b u s t i o n  c h a m b e r  
p r e s s u r e  e q u a l s  t h e  s e a - l e v e l  a t a o s p h e r i c  v a l u e .  T h e  m a x i m u m  
a l t i t u d e  a t  w h i c n  t h i s  c o n d i t i o n  h o l d s  w a s  e s t i m a t e d  t o  b e  
3 8 , 0 0 0  f t .  w i t h  a n  a i r c r a f t  s p e e d  o f  5 0 0  m . p . h . ,  a  c h a a b e r  m a s s  
f l o w  o f  a b o u t  1 . 5  l b / s e c . ,  a n d  a n  a i r / f u e l  r a t i o  s l i g h t l y  r i c h e r  
t h a n  6 0 / 1 n  
 I n  o r d e r  t o  s t u d y  t h e  e f f e c t s  o f  c h a n g i n g  b o t h  a i r /  
f u e l  r a t i o  a t  c o n s t a n t  m a s s  f l o c ,  a n d  m a s s  f l a w  a t  c o n s t a n t  a i r /  
f u e l  r a t i o ,  t h e  f o l l o w i n g  t e s t  c o n d i t i o n s  w e r e  s e l e c t e d . -  
( A )  A i r  m a s s  f l o w  =  1 . 5  l b / s e c . ,  n i r / f u e l  r a t i o  =  6 0 / 1  
( B )  '  
	 1  	
=  1 . 5  l b / s e c . ,  
	
I  	 I  	
1  
( C )  '  	 '  
	
=  
1 . 0  l b / s e c . ,  
( D )  =  
1 . 0  l b / s e c . ,  
	
I  
=  9 0 /
1  
6 0 /
i  
=  9 0 /
1  
T h e  w e a k e s t  m i x t u r e  u s e d  i n  t h i s  t y p e  o f  c h a m b e r  u n d e r  
s t e a d y  r u n n i n g  c o n d i t i o n s  i n  p r a c t i c e  i s  9 0 / 1 ,  a n d  t h e  s a m e  
burner pressure was used for tests B and C. Test D was considered 
to be severe, as the low fuel pressure involved could lead to poor 
atomisation, unburnt fuel, and a high oxygen content of the primary 
gases. As the oxygen absorbing agent (potassima hydroxide) in 
the Orsat apparatus also absorbs carbon dioxide, it was necessary 
to analyse the samples first for carbon dioxide and then for 
oxygen. 'Alen likely sources of inert gas were discovered, the 
gas samples were also analysed for carbon monoxide. In order to 
save tine, it was decided to record results to the nearest 0.5 
per cent of the total sample, and to the nearest 0.1 per cent when 
the result was less than 1 per cent. 
2.1. Exploratory Sampling with Water-Cooled Probe  
In order to derive en overall picture of the gas concen-
tration within the chamber, a water-cooled probe was designed for 
insertion from the chamber outlet. The probe consisted of 	  
concentric stainless-steel tubes, the inner suppling tube of 1/bin. 
I/D, and the outer jacketing tube of tin. 0/b. idains water was 
fed into the rear end of the jacketing tube and was allowed to 
spray out through two 2m.m. I/D pipes situated near the sampling 
end, the pipes being carried rearwards to discharge about 6in. 
downstream of the sampling orifice. This water, which served to 
cool the probe mounting bracket, was therefore unlikely to affect 
the combustion process of the sampled gases. The mounting 
bracket was located 5in. to the rear of the chamber outlet, and 
adjustment was possible for sampling from any point within the 
central horizontal plane of the chamber, subject to the LLits 
provided by the flame tube walls. 
A typical result from this test series is shown in fig.7, 
and the most promising region for further investigation is seen to 
lie on the chamber axis just upstream of the secondary air dilution 
holes. 
2.2. Sampling with Uncooled Probe  
Having located the regions of low oxygen content, it was 
decided to make more thorough investigations using a probe more 
nearly resembling the type visualised for a permanent installation. 
A probe was designed for insertion through the side of the chamber, 
in a radial direction normal to the chamber axis in order to 
minimise the length exposed to the hot gases. As violent cooling 
of the sample might result in chilling the combustion reactions, 
and a higher oxygen content, the pin. 0/b stainless steel probe 
was uncooled, the gases being passed through a cooling coil before 
reaching the Orsat. The probe was marked with a scale at tin. 
intervals to show the penecration into the chaMber, and three 
sampling holes were drilled into the chamber at axial intervals 
of 2.1/4in. The sampling holes in both the air casing and flame 
t u b e  w e r e  b l a n k e d  o f f  w h e n  n o t  i n  u s e .  
T h e  r e s u l t s  o b t a i n e d  a r e  s h o w n  i n  f i g .  8  a n d  t h e  c o n -
c l u s i o n s ,  w h i c h  c o n f i r m  t h o s e  d r a w n  f r o m  t h e  p r e v i o u s  w a t e r -
c o o l e d  p r o b e  t e s t s ,  a r e  a s  f o l l o w s . -  
( a )  A t  c o n s t a n t  a i r  m a s s  f l o w ,  t h e  l o v e r
-
o x y g e n  z o n e  d e c r e a s e s  
i n  s i z e  w i t h  i n c r e a s e  i n  a i r / f u e l  r a t i o .  ( f i g s .  8 A  a n d  B ) ,  
( b )  
A t  c o n s t a n t  a i r / f u e l  r a t i o ,  t h e  l o w i - o x y g e n  z o n e  d e c r e a s e s  
w i t h  d e c r e a s e  i n  a i r  m a s s  f l o w .  T h i s  f o l l o w s  a s  t h e  r e d u c e d  t e m -
p e r a t u r e  l e v e l  
l o w e r s  t h e  c o m b u s t i o n  e f f i c i e n c y .  ( f i g s .  8 A  a n d  a ) .  
( c )  
T h e  f u e l  b u r n e r  p r e s s u r e  d i r e c t l y  c o n t r o l s  t h e  w i d t h  a n d  
l e n g t h  o f  t h e  l o w  o x y g e n  z o n e ,  a n d  a p p e a r s  t o  b e  t h e  m a i n  g o v e r n i n g  
f a c t o r .  
	 ( f i g s .  8 A  a n d  B ) .  
0 )  T h e  c a r b o n  m o n o x i d e  c o n c e n t r a t i o n  
i n c r e a s e s  
w i t h  i n c r e a s i n g  
f u e l  p r e s s u r e  a n d  d e c r e a s i n g  a i r / f u e l  r a t i o ,  t h e  m a x i m u m  c o n c e n t r a -
t i o n s  b e i n g  l o c a t e d  n e a r  t h e  b u r n e r ,  A s  a  c h e c k  o n  t h e  c o m b u s t i o n  
d a n g e r  o f  t h i s  c a r b o n  m o n o x i d e  w h e n  i n  t h e  f u e l  t a n k ,  f i g .  9  w a s  
s t u d i e d  a n d  r e p l o t t e d  a s  f i g .  ; A t  	 T h i s  i n d i c a t e s  t h a t  t h e  i n -  
f l a m m a b l e  r e g i o n  r e q u i r e s  g a s  c o n c e n t r a t i o n s  w h i c h  a r e  u n l i k e l y  t o  
b e  e n c o u n t e r e d  i n  s a m p l e s  t a k e n  f r o m  t h e  t e s t  c h a n b e r .  
( e )  T h e  b e n e f i c i a l  r e d u c t i o n  i n  o x y g e n  c o n t e n t  o b t a i n e d  b y  
n o t  c o o l i n g  t h e  p r o b e  i s  n e g l i g i b l e .  A l t h o u g h  t h e  l i f e  o f  t h e  
u n c o o l e d  p r o b e  w a s  s u f f i c i e n t  f o r  t h e  t e s t s  d e s c r i b e d ,  t h e  m e t a l -
l u r g i c a l  p r o b l e m s  w o u l d  b e  s e v e r e ,  a n d  p r o b e  c o o l i n g  i s  r e c o m m e n d e d  
i n  a  p r a c t i c a l  i n s t a l l a t i o n .  
2 . 3 .  S a n p l i n g  i n  C o m b u s t i o n  C h a m b e r  D o n e  H e a d  
I n  v i e w  o f  t h e  t e m p e r a t u r e  d i f f i c u l t i e s  a n t i c i p a t e d  i n  
c o n n e c t i o n  w i t h  a  p e r m a n e n t l y  i n s t a l l e d  g a s  p i c k - u p  i n  t h e  c h a m b e r  
i m m e d i a t e l y  f o r w a r d  o f  t h e  s e c o n d a r y  a i r  h o l e s ,  i t  w a s  d e c i d e d  t o  
i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  s u i t a b l e  g a s  f r o m  t h e  d o m e  
h e a d  o f  t h e  c h a m b e r  a d j a c e n t  t o  t h e  s p r a y  n o z z l e .  I t  w a s  r e a l i s e d ,  
h o w e v e r ,  
t h a t  c o n s i d e r a b l e  q u a n t i t i e s  o f  c a r b o n  m o n o x i d e  a n d  u n b u r n t  
f u e l  m i g h t  b e  p i c k e d  u p ,  a n d  t h a t  t h e  p r e s e n c e  o f  t h e  p r o b e  m i g h t  
a d v e r s e l y  a f f e c t  t h e  f u e l  s p r a y  p a t t e r n .  F i g .  1 0  s h o w s  a  t y p i c a l  
r e s u l t  w h i c h  i n d i c a t e s  t h a t  g a s e s  o f  
6  p e r  c e n t  m a x i m a  o x y g e n  
c o n c e n t r a t i o n  c o u l d  b e  o b t a i n e d  w i t h  a  p r o b e  p e n e t r a t i o n  o f t i n ,  a s  
a g a i n s t  a b o u t  2 2 i n .  i n  t h e  p r e v i o u s  s i d e - p r o b e  t e s t s ,  a t  a  t e m p e r a -
t u r e  n o t  e x c e e d i n g  5 2 0 ° C ,  ( s e e  n e x t  s e c t i o n ) .  H o w e v e r ,  t h e  c a r b o n  
m o n o x i d e  c o n c e n t r a t i o n  w a s  i n  t h e  r e g i o n  o f  9  p e r  c e n t  a n d  a p p r e c -
i a b l e  q u a n t i t i e s  o f  u n b u r n t  f u e l  w e r e  f o u n d  t o  a c c u m u l a t e  i n  t h e  
l i q u i d  t r a p  i n c l u d e d  i n  t h e  g a s  s a p p l i n g  s y s t e m .  T h i s  m e t h o d  o f  
a p p r o a c h  w a s  t h e r e f o r e  a b a n d o n e d ,  
-10- 
2.4. Temperature traverses in the Low Oxygen Zones  
In order to evaluate the magnitude of the probe cooling 
problem, temperature traverses were made in the more premising 
zones of low oxygen content. As teuperatures up to 1700°C were 
to be expected, a thermocouple of platinum/platinum 13 per cent 
rhodium was used, capable of satisfactory operation up to 1770°C. 
The thermocouple was mounted in a stainless steel tube of 5/32in   
I/'D and 145n. 0/t„ and was shielded from radiation effects. 
About 95 per cent of the dynamic temperature rise was expected to 
be indicated, but this effect was found to be very small in the 
present tests. Compensating leads were used to connect to a 
cold junction and a Negretti and. Zambra Null Reading Potentiometern 
The operating conditions used were similar to those in the sampling 
tests. Any errors in reading caused by evaporative cooling or 
catalysis were no doubt swamped -by the difference between the test 
air inlet temperature of 40°C and the calculated engine temperature, 
at 38,000 ft., of 118°C. As an approximation, this difference 
could be added to the measured temperatures, so that the tempera-
ture peak, measured as 1475°09  would probably be 1553°C in practice. 
The typical result in fig. 11 shows the temperature dis-
tribution patterns to bear a close resemblance to the oxygen dis-
tribution patterns, the maximum temperatures occurring in the low 
oxygen zones. It is also to be noted that the probe should be 
located as far deranstream (ine. as near the secondary holes) as 
possible. As the width of the high temperature zone increased 
with fuel pressure, and as the probe would have to penetrate to 
the chamber axis for sampling at low fuel pressure, the greater 
part of the probe length would be subjected to high temperature 
at high fuel pressures. 
2.5. The Practical Fuel-Cooled Probe  
As many heat-resisting materials suffer from thermal 
shock, it was decided to revert to liquid cooling for the prac-
tical probe, and to use as coolant the fuel destined for the 
chamber, rather than call for special water or sir cooling systems. 
The design of the stainless steel probe is shown in fig. 12, and 
provision was made to measure the flow of the awl and its tem-
perature on entering and leaving the probe. The probe was 
located in the rear (downstream) of the three sampling positions 
provided, with the sampling orifice at the chamber axis. The 
temperature rise of the cooling fuel is as shown in fig. 13, and 
the flow was found experimentally to be suitably turbulent above 
a rate of about 1 ft.)/hotr. This was considered to be prefer-
able to laminar flow, Where the formation of 'dead' zones night 
lead to hot spots. A light straw discolauration on the upstream 
outer surface of the probe showed that the skin temperature had 
not exceeded about 300°C, 
N o  s u c t i o n  p u m p  w a s  a v a i l a b l e  t o  s i m u l a t e  t a n k  c o n d i t i o n s  
a t  a l t i t u d e ,  a n d  t h e  s a m p l e d  g a s e s  d i s c h a r g e d  d i r e c t l y  t o  a t m o s p h e r e .  
B y  u s i n g  t h e  e x p r e s s i o n s  f o r  f l u i d  f l o w  g i v e n  i n  r e f .  1 0 ,  a  s p o t  
c a l c u l a t i o n  w a s  m a d e  f o r  t h e  f l o w  o f  i n e r t  g a s e s  t h r o u g h  t h e  5 / 3 2 i n .  
b o r e  p r o b e  a n d  g a s  d e l i v e r y  s y s t e m  s e r v i n g  a  f r e e l y - v e n t e d  t a n k  i n  
a n  a i r c r a f t  o p e r a t i n g  a t  t h e  s t a n d a r d  3 8 , 0 0 0  f t .  f u l l  p o w e r  c o n d i t i o n .  
A  p r e s s u r e  d r o p  o f  2  p . s . i .  w a s  a s s u m e d  i n  t h e  s y s t e m ,  a n d  t h e  
s u c c e s s i v e  a p u r o x i m O i o n s  t o  t h e  g a s  v e l o c i t y  g a v e  a  g a s  d e l i v e r y  
r a t e  o f  a b o u t  7  
f t . )
/ m i n .  I n  a  g i v e n  s y s t e m ,  t h e  
g a s  d e l i v e r y  r a t e  
w i l l  v a r y  w i t h  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  p r o b e  a n d  t h e  p r e s s u r e  
d i f f e r e n c e  a c r o s s  t h e  s y s t e m .  1 . s  t h e  p r e s s u r e  i n  t h e  c o d b u s t i o n  
c h a m b e r  f a l l s  a t  a  g r e a t e r  r a t e  t h a n  t h a t  i n  t h e  f u e l  t a n k ,  t h e  
e f f e c t  o f  i n c r e a s i n g  a l t i t u d e  i s  a  r e d u c t i o n  i n  t h e  g a s  d e l i v e r y  
r a t e .  A s  t h e  m a x i m u m  p u r g e  r e q u i r e m e n t  o c c u r s  a t  t h e  m a x i m u m  
o p e r a t i n g  a l t i t u d e ,  t h i s  b e c o m e s  t h e  m o s t  c r i t i c a l  c o n d i t i o n  t o  b e  
c o n s i d e r e d  i n  t h e  d e s i g n .  
2 . 6 .  S a = l i n r ,  w i t h  t h e  F u e l - C o o l e d  P r o b e   
1 . 2  a  f i n a l  p r a c t i c a l  c h e c : :  o n  t h e  s u i t a b i l i t y  o f  t h e  
d e s i g n  a n d  l o c a t i o n  o f  t h e  f u e l - c o o l e d  p r o b e ,  g a s  s a m p l e s  w e r e  
t a k e n  a n d  a n a l y s e d  u s i n g  v a r i o u s  p r o b e  p e n e t r a t i o n s .  T h e  r e s u l t s  
c o n f i r m e d  t h o s e  o b t a i n e d  f r o m  p r e v i o u s  s a m p l i n g  t e s t s  i n  t h e  s a m e  
z o n e s ,  a n d  s h o w e d  m a x i m u m  c o n c e n t r a t i o n s  o f  6  p e r  c e n t  o x y g e n  a n d  
3  
p e r  c e n t  c a r b o n  m o n o x i d e  t o  b e  e a s i l y  o b t a i n a b l e .  T h e  o p t i m u m  
l o c a t i o n  o f  t h e  s a m p l i n g  o r i f i c e  w a s  f o u n d  t o  b e  w i t h i n  1 / 4 i n .  o f  
t h e  c h a d b e r  a x i s .  B y  v i o l e n t l y  c o o l i n g  t h e  s a m p l e d  g a s e s  w i t h  
l i q u i d  o x y g e n ,  t h e  w a t e r  a n d  u n b u r n t  f u e l  w e r e  c o n d e n s e d  a n d  
m e a s u r e d  a s  0 . 0 6 2  a n d  0 . 0 0 5 7  l b .  r e s p e c t i v e l y  p e r  l b .  o f  s a m p l e d  
g a s .  R e m o v a l  o f  t h e s e  f l u i d s  f r o m  t h e  p u r g e  g a s  w o u l d  b e  e s s e n t i a l  
i n  p r a c t i c e .  G e n e r a l  c o n c l u s i o n s  r e g a r d i n g  t h e  m e t h o d  o f  p r i m a r y  
z o n e  s a m p l i n g  f o r  t h e  s u p p l y  o f  i n e r t  p u r g e  g a s e s  a r e  g i v e n  a t  t h e  
e n d  o f  t h e  r e p o r t ,  a n d  n o t e s  o n  a  p r o p o s e d  i n s t a l l a t i o n  a r e  i n c l u d e d  
i n  A p p e n d i x  B .  
3 .  
T h e  S e p a r a t e  I n e r t  G a s  P r o d u c e r   
F o r  l a r g e  a i r c r a f t  w i t h  l a r g e  t a n k  c a p a c i t y ,  a  s e p a r a t e  
c o m b u s t o r  m a y b e  m o r e  s u i t a b l e ,  a n d  c o u l d  b e  a c c o m m o d a t e d  m o r e  
e a s i l y  t h a n  i n  a  s m a l l e r  a i r c r a f t .  T h e  a d v a n t a g e s  o f  s u c h  a  
s c h e m e  a r e  t h e  g r e a t e r  f l e x i b i l i t y  o f  o p e r a t i o n ,  t h e  c l o s e r  c o n t r o l  
o v e r  t h e  o x y g e n  c o n t e n t ,  a n d  t h e  u t i l i s a t i o n  o f  t h e  h e a t  e x t r a c t e d  
f r o m  t h e  i n e r t  g a s e s  f o r  g e n e r a l  h e a t i n g  p u r p o s e s .  I n  t h i s  
l a t t e r  c o n n e c t i o n ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a  c u r r e n t  t y p e  
o f  s p a c e  h e a t e r  c o n s u m i n g  
4  
g a l l o n s  o f  f u e l  p e r  h o u r  w o u l d  p r o d u c e  
s t o i c h i a m e t r i c  i n e r t  g a s e s  a t  t h e  r a t e  o f  a b o u t  1 0 0  f t .
3
/ m i n .  
I f  t h e  m a i n  e n g i n e  
c o m p r e s s o r s  
a r e  u s e d  f o r  t h e  a i r  
s u p p l y ,  t h e  s e p a r a t e  c o m b u s t o r  w i l l  s u f f e r  f r o m  t h e  s a m e  d i s a d -  
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vantage as the probe systea: 
 in that the inert gas delivery will 
depend upon the engine operating conditions, and insufficient gas 
may be available in the dive -7-ith engine idling. The problem 
could be eased, at the expense of added complication, by fitting 
the combustor with its oven. compressor, which maybe driven from 
the main engine through a variable-speed gearbox, or from the com-
bustor itself. 
The automatic control of air/fuel ratio within the com-
bustor is best effected by sensing the output, rather than the 
input, conditions in order to eliminate any effects of increased 
oxygen content due to combustion inefficiency. Fig. 4 shows that 
an operating air/fuel ratio range from about 13/1 and 21/1 is 
permissible, although closer control may be desirable in practice. 
Various properties of the combustion products were examined in 
order to determine the most convenient property for the indication 
of air/fuel ratio and, through a suitable relay device, for the 
necessary control of fuel and/or air supplies (ref. 11). 
3.1. Thermal Conductivity.  
The thermal conductivity values of the individual cam,- 
bustion products are of the same order, except that of carbon 
dioxide, which is lower, and of hydrogen, which is very much 
higher. By means of Salamon's formula, involving the partial 
volumes of the individual products, the mean thermal conductivity 
values can be found for the varying concentrations shown in fig.4, 
and are plotted in fig. 14. This curve is for the exhaust products 
from a gasoline, but curves for other hydrocarbon fuels do not vary 
appreciably. 
The form of the curve in fig. 14 shows that an air/fuel 
ratio indicator working; on the thermal conductivity principle would 
reverse its reading on passing through the stoichiometric mixture, 
and that its sensitivity would be highest on the rich side. The 
Cambridge Mixture Indicator, as used in certain piston-engined air-
craft, employs this principle, and a continuous measurement of 
thermal conductivity is made from the cooling effect on a heated 
wire contained in a - iheatstone bridge circuit. As indicated 
above,the use of the instrument is restricted to mixtures richer 
than stoichiametric, but a rich working range is permissible from 
the inert gas point of view. If the output signal of such an 
instrument can be made to operate a relay control device, it is 
clear that a method of automatically controlling the air/fuel 
ratio values of rich mixtures will be available. 
In order to test the effectiveness of a thermal conduct-
ivity control system, a combustor of some type is necessary, 
arranged so that the exhaust gases can be continuously sampled, 
and the fuel input to a given air flow mechanically controlled. 
The most convenient choice of combustor was the redden single-
cylinder spark-ignition sleeve-valve engine which, although 
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b u r n i n g  g a s o l i n e  t y p e  f u e l s  o n l y ,  w a s  a l r e a d y  e q u i p p e d  w i t h  a n  
e x h a u s t  s a m p l i n g  s y s t e m  a n d  a  f u e l - i n j e c t i o n  p u m p  c o n t r o l l a b l e  
b y  a  r a c k .  T h e  e x i s t i n g  i n s t r u m e n t a t i o n  i n c l u d e d ,  i n  a d d i t i o n ,  
m e a n s  o f  a c c u r a t e l y  m e a s u r i n g  a i r  a n d  f u e l  m a s s  f l o w s ,  a n d  a n  
O r s a t  e x h a u s t  g a s  a n a l y s e r .  
T h e  e l e c t r i c a l  o u t p u t  o f  t h e  C a m b r i d g e  t h e r m a l  c o n d u c t -
i v i t y  i n s t r u m e n t  w a s  f i r s t  d e t e r m i n e d  o v e r  t h e  r i c h  m i x t u r e  r a n g e  
( f i g .  1 5 ) ,  t h e  a i r / f u e l  r a t i o  v a l u e s  b e i n g  o b t a i n e d  f r o m  i n d i v -
i d u a l  r e a d i n g s  o f  a i r  a n d  f u e l  m a s s  f l o w .  G a s  a n a l y s i s  r e s u l t s  
w e r e  f o u n d  t o  b e a r  o u t  q u i t e  w e l l  t h e  t h e o r e t i c a l  v a l u e s  s h o w n  
i n  f i g .  4 .  T h e  p r e s e n c e  o f  o x y g e n  o n  t h e  r i c h  s i d e  o f  s t o i c h -
i o m e t r i c  i s  u s u a l  i n  p r a c t i c e ,  d u e  t o  d i s s o c i a t i o n  a n d  i n c o m p l e t e  
m i x i n g ,  a n d  i s  o f  i m p o r t a n c e  i n  t h i s  c o n n e c t i o n .  
T h e  c o n t r o l l i n g  s y s t e m  d e s i g n e d  t o  o p e r a t e  o n  t h e  o u t -
p u t  s i g n a l  f r o m  t h e  C a m b r i d g e  i n s t r u m e n t  c o n s i s t e d  o f  a n  a d a p t e d  
G e r m a n  e l e c t r i c - f u r n a c e  t e m p e r a t u r e  c o n t r o l l e r  f e e d i n g  t o  a  2 4  
v o l t  D . C .  c o m p o u n d - w o u n d  m i n i a t u r e  m o t o r  ( f i g .  1 6 ) .  T h e  f u r n a c e  
c o n t r o l l e r  h a d  b e e n  d e s i g n e d  t o  r e c e i v e  
t h e  
o u t p u t  f r o m  a  t h e r m o -
c o u p l e ,  i n  o r d e r  t o  s w i t c h  o n  o r  
o f f  t h e  f u r n a c e  i n p u t  p o w e r ,  a n d  
w a s  u n s u i t a b l e  f o r  a e r o n a u t i c a l  u s e ,  b u t  i t  w a s  r e a d i l y  a v a i l a b l e  
a n d  l e n t  i t s e l f  t o  e x p e r i m e n t a l  p u r p o s e s .  T h e  m i n i a t u r e  m o t o r  
w a s  g e a r e d  d o w n  i n  a  1 5 0 0  r a t i o  t o  g i v e  a  l i n e a r  s p e e d  r a n g e  
f o r  t h e  p u m p  r a c k  f r o m  0 . 0 1 3  t o  0 . 0 5 0  i n c h e s  p e r  m i n u t e .  	 I n  
g e n e r a l ,  t h e  m i n i m u m  s p e e d  w a s  d e s i r a b l e  i n  o r d e r  t o  m i n i m i s e  
h u n t i n g .  T h e  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  m o t o r  w a s  d e t e r m i n e d  
b y  a  t w i n  g a n g  r e l a y ,  c o n t r o l l e d  b y  t h e  o u t p u t  f r o m  t h e  C a m b r i d g e  
i n s t r u m e n t ,  
R e s u l t s  f r o m  a  t y p i c a l  t e s t  r u n  a r e  s h o w n  i n  f i g .  1 7  
w h e r e  i t  i s  s e e n  t h a t  c o n t r o l  h a s  b e e n  e f f e c t i v e  t o  w i t h i n  
±  0 . 1 5  u n i t s  o f  a i r / f u e l  r a t i o ,  a n d  t h a t  e q u i l i u m  w a s  a g a i n  
r e a c h e d  
3 . 5  
m i n u t e s  a f t e r  m a k i n g  a  m a n u a l  a d j u s t m e n t  o f  t h e  c o n -
t r o l l e r  f r o m  1 1 . 2 3 / 1  t o  1 0 . 6 3 / 1 .  
3 . 2 .  C o m b u s t i o n  T e m p e r a t u r e   
W h e n  a  f u e l - n i r  m i x t u r e  i s  b u r n t  i n  a  c h a m b e r ,  t h e  
t e m p e r a t u r e  r e s u l t i n g  f r o m  t h e  c o m b u s t i o n  i s  a  f u n c t i o n  m a i n l y  
o f  t h e  h e a t  r e l e a s e d  b y  t h e  b u r n i n g  m i x t u r e ,  a n d  t h e  h e a t  a b s o r b e d  
b y  t h e  c o m b u s t i o n  p r o d u c t s .  W i t h  n o  l o s s e s  t h r o u g h  t h e  c h a m b e r  
w a l l s ,  t h e s e  t w o  q u a n t i t i e s  o f  h e a t  a r e  e q u a l ,  a n d  t h e  t e m p e r a t u r e  
m a y b e  d e t e r m i n e d  f r o m  t h e  q u a n t i t i e s  o f  p r o d u c t s  p r o d u c e d  a n d  
t h e i r  i n d i v i d u a l  v a l u e s  o f  s p e c i f i c  h e a t .  I f  c o m b u s t i o n  i s  c o n -
s i d e r e d  a s  a n  i r r e v e r s i b l e  p r o c e s s ,  t h e  m a x i m u m  t e m p e r a t u r e  
t r i l l  
o c c u r  a t  t h e  s t o i c h i o m e t r i c  m i x t u r e ,  w h e r e  t h e  a b s e n c e  o f  e x c e s s  
a i r  o r  f u e l  g i v e s  a  m a x i m u m  h e a t  r e l e a s e ,  a n d  e n a b l e s  t h e  h e a t  t o  
b e  a b s o r b e d  b y  t h e  m i n i m u m  n u m b e r  o f  p r o d u c t s  t o  t h e  m a x i m u m  
e x t e n t .  
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However, above a temperature level of about 2,00000, 
the combustion process begins to reverse, and the products 
dissociate into carbon monoxide and hydrogen. Less released 
heat is thus available for heating the products, and the resulting 
combustion temperature is lower. Once the temperature drops 
below the 2,000°C level, recombination of the dissociated products 
occurs, and the combustion may be subsequently completed. 
	 The 
maximum temperature attained during the complete process, however, 
will be less than that attainable had dissociation not occurred. 
The dissociation curve of combustion temperature versus air/fuel 
ratio thus lies below that obtained when ignoring dissociation 
and, because of differences in gradient of the latter, the peak 
of the dissociation curve is displaced towards the rich side of 
stoichionetric. Fig. 18 has been obtained from calculations for 
an ajr-benzene mixture burnt in the cylinder of a spark-ignition 
engine, and shows the effects of dissociation on the temperature-
mixture curve. 
It is evident from this figure that an appreciable tem-
perature gradient exists on both sides of the peak, so that a 
sensitive method of mixture control appears possible. Use has 
been made of this temperature variation in piston engine work 
for the development of sparking plugs and for investigations into 
mixture distribution. In the Rabezzana and Kalmar method of test, 
one sparking plug in each cylinder has a thermocouple fitted into 
a drilling in the central electrode, in order to measure the 
electrode temperature at a point 1/an. from the tip. On running 
the engine, the thermocouples indicate the mean temperature level 
in each cylinder, and these temperatures are sufficiently sensitive 
to the overall engine mixture setting for the determination of 
individual cylinder mixture strength, (ref. 12). 
A sparking plug fitted with a chromel-alumel thermo-
couple was used in the Fedden single-cylinder engine, and the 
resulting temperature-mixture curve in shown in fig. 19. The 
temperature range of nearly 3000C infers a variation in thermo-
couple output of some 12 mV, which is sufficient to operate a 
controlling mechanism. This type of instrument would be more 
satisfactory for controlling on the weak side of stoichiametric 
where the temperature gradient is steeper, and were the conditions 
are sufficiently removed from the temperature peak to avoid 
reversed action. 
The Cambridge instrument used in the control circuit 
previously described was replaced by the thermocouple sparking 
plug, and similar test runs were carried out. The test results 
given in fig. 20 show that control was maintained to :iithin 
+ 0.3 units of air/fuel ratio during the test, the large number 
of motor reversals indicating the high degree of sensitivity. 
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3 , 3 .  
E x h a u s t  G a s  D e n s i t y   
T h e  c u r v e  o f  e x h a u s t  g a s  d e n s i t y ,  a s  i n  f i g .  2 1  f o r  a  
1 0 0 / 1 3 0  g r a d e  a v i a t i o n  g a s o l i n e ,  s h o w s  a  m a r k e d  v a r i a t i o n  o v e r  
t h e  r i c h  s i d e  o f  s t o i c h i o m e t r i c  a n d  v e r y  l i t t l e  c h a n g e  o n  t h e  w e a k .  
T h e o r e t i c a l l y ,  t h e r e f o r e ,  e x h a u s t  d e n s i t y  o f f e r s  a  m e a n s  o f  a i r /  
f u e l  r a t i o  m e a s u r e m e n t  a n d  c o n t r o l ,  i n  a  s i r i l a r  m a n n e r  t o  t h e r m a l  
c o n d u c t i v i t y .  H o w e v e r ,  m e a s u r e m e n t  o f  g a s  d e n s i t y  i s  a t  p r e s e n t  
o n l y  p o s s i b l e  b y  m e a n s  o f  l a b o r a t o r y  t y p e  i n s t r u m e n t s ,  i n s u f f -
i c i e n t l y  r o b u s t  f o r  a i r b o r n e  i n s t a l l a t i o n ,  a n d  n o  f u r t h e r  e x p e r i -
m e n t a l  w o r k  i n  t h i s  d i r e c t i o n  w a s  u n d e r t a k e n .  
O x y g e n  P a r a m a g n e t i s m   
F o r  p u r p o s e s  o f  t a n k  p u r g i n g ,  t h e  m o s t  i m p o r t a n t  c o n -
s t i t u e n t  o f  t h e  c o m b u s t i o n  p r o d u c t s  i s  o x y g e n ,  a n d  i t  h a p p e n s  
t h a t  o x y g e n  i s  t h e  o n l y  c o n s t i t u e n t  e x h i b i t i n g  p a r a m a g n e t i s m .  
T h e  r e m a i n i n g  c o n s t i t u e n t s  a r e  d i a m a g n e t i c ,  i . e .  m a g n e t i c  f l u x  
p a s s e s  m o r e  e a s i l y  t h r o u g h  a  v a c u u m  t h a n  t h r o u g h  t h e s e  g a s e o u s  
c o n s t i t u e n t s .  F i g .  2 2  s h o w s  t h e  o v e r a l l  m a g n e t i c  p r o p e r t i e s  o f  
t h e  e x h a u s t  g a s e s  f r o m  1 0 0 3 0  g r a d e  a v i a t i o n  g a s o l i n e ,  i n d i c a t i n g  
a  l a r g e  g r a d i e n t  o v e r  t h e  w e a k  r a n g e .  F r a n  t h e  
p u r g i n g  a s p e c t ,  
t h e r e f o r e ,  a  c o n t r o l  s y s t e m  o p e r a t i n g  o n  t h e  p a r a m a g n e t i c  p r i n c i p l e  
w o u l d  a p p e a r  t o  b e  i d e a l ,  a n d  e x p e r i m e n t a l  w o r k  w a s  i n i t i a t e d  o n  
t w o  o x y g e n - s e n s i n g  d e v i c e s ,  e m p l o y i n g  t h i s  p r i n c i p l e  i n  d i f f e r e n t  
w a y s .  A l t h o u g h  n e i t h e r  i n s t r u m e n t  w a s  f u l l y  s u c c e s s f u l ,  a  b r i e f  
d e s c r i p t i o n  i s  g i v e n  o f  t h e  l i n e s  o f  a p p r o a c h .  
I n  t h e  f i r s t ,  m a g n e t i c ,  m e t h o d ,  a  c o n s t a n t  m a g n e t i c  
f i e l d  w a s  a r r a n g e d  s o  t h a t  t h e  o x y g e n  a t t r a c t e d  t o  i t  w o u l d  p a s s  
o v e r  a  h e a t e d  s p i r a l  i n  a  7 h e a t s t o n e  b r i d g e  c i r c u i t ,  t h e  c o o l i n g  
e f f e c t  g i v i n g  a  m e a s u r e  o f  t h e  o x y g e n  f l o w .  T h e  i n s t r u m e n t  
e m b o d i e d  a  c i r c u l a t o r y  p a s s a g e  f o r  t h e  g a s e s ,  a n d  t h u s  d i f f e r e d  
f r o m  t h a t  d e s c r i b e d  i n  r e f .  1 3 .  
T h e  i n s t r u m e n t  
w a s  c a l i b r a t e d  
u s i n g  k n o w n  m i x t u r e s  o f  n i t r o g e n  a n d  o x y g e n .  A p a r t  f r o m  t h e  
i n s t a b i l i t y  c a u s e d  t h r o u g h  h e a t i n g  e f f e c t s  o f  t h e  e l e c t r o - m a g n e t  
u s e d ,  t h e  r e s p o n s e  w a s  f o u n d  t o  b e  l i n e a r  o n l y  d o w n  t o  3 0  p e r  c e n t  
o x y g e n ,  b e y o n d  w h i c h  g r e a t  i n a c c u r a c y  a r o s e .  A s  o x y g e n  c o n t e n t s  
n o  h i g h e r  t h a n  a b o u t  6  
p e r  c e n t  a r e  r e q u i r e d ,  t h i s  t y p e  o f  
i n s t r u m e n t  w a s  a b a n d o n e d .  
I n  t h e  s e c o n d ,  m a g n e t i c - c a p a c i t i v e ,  m e t h o d ,  a  m a g n e t i c  
c i r c u i t  
w a s  
c o n s t r u c t e d  i n c o r p o r a t i n g  t w o  g a s  g a p s .  T h e  e x h a u s t  
g a s e s  f l o w e d  t h r o u g h  t h e  f i r s t  g a p ,  t h e  a m o u n t  o f  m a g n e t i c  f l u x  
p a s s i n g  a c r o s s  t h e  g a p  d e p e n d i n g  u p o n  t h e  o x y g e n  c o n t e n t ,  a n d  c o n -
t r o l l i n g  t h e  a t t r a c t i o n  e x e r t e d  a c r o s s  t h e  p o l e s  o f  t h e  s e c o n d ,  
s i r ,  g a p .  T h i s  s e c o n d  g a p  w a s  d e s i g n e d  i n  t h e  f o r m  o f  a  v a n e -
t y p e  c a p a c i t o r  f i t t e d  o n  t h e  e n d  o f  a  c a n t i l e v e r  w i t h i n  t h e  
m a g n e t i c  c i r c u i t .  T h e  m e a s u r e m e n t  o f  c a p a c i t a n c e  c h a n g e  i n  t h e  
a i r  g a p  s h o u l d  t h i s  p r o v i d e  a  m e a s u r e  o f  t h e  o x y g e n  c o n t e n t  o f  t h e  
e x h a u s t  g a s e s .  D u e  m a i n l y  t o  c o n s t a n t  ' d r i f t '  o f  t h e  i n s t r u m e n t ,  
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and to the excessive amplification necessary with an instrument 
of this type, this aspect of the investigations was also 
abandoned. 
4.. Conclusions  
The general conclusions that can be drawn from the con-
siderations of inert gas supply, and of tank re(.11airements, are 
as follows.- 
4A.1. Primary Zone Sampling  
(a) Inert gases containing a maximum of 6 per cent oxygen 
by volume are obtainable from a fixed point within the priaary 
zone of a Lerwent I combustion chamber over a wide range of 
operating conditions. 
(b) For the temperatures and mass flows existing in the 
Derwent I chamber, the probe could be suitably cooled by means 
of the fuel subsequently burnt in the chamber. 
(c) The sampled gases need to be cooled before introduction 
into the tanks, and the condensed water and unburnt fuel to be 
removed. The gas cooling could be effected by means of the fuel 
destined for one of the other combustion chambers. 
(d) For the rates of climb and descent considered, the 
required purge gas flow rates are of the same order, and the 
curves of variation with altitude are of similar form. The 
occurrence of the maximum requirement at altitude, where the 
minimum delivery is avAlable, confirms that the system should 
be designed for both climbing and descending at the maximum oper-
ational altitude. In fact, the most critical condition will be 
the dive at high altitude with the engine idling, when the purge 
requirement is high and the gas delivery at its minimum. 
4.2. Separate Inert Gas Producer  
(a) Automatic control to within ± 0.3 units of air/fuel ratio 
is obtainable over the rich range by means of a thermal conduct-
ivity type of control gear. 
(b) Automatic control to similar accuracy is obtainable 
over the weak range by means of a combustion temperature type 
of control gear. This method is probably more promisinG70  
although high temperature problems may be incurred in the design 
of a suitable thermocouple. 
( c )  
B o t h  t h e  a b o v e  m e t h o d s  a r e  i n d e p e n d e n t  o f  e x h a u s t  g a s  p r e s s u r e ,  
t e m p e r a t u r e  a n d  m a s s  f l o w .  
( a )  T h e  u s e  o f  e x h a u s t  g a s  d e n s i t y ,  o r  o f  o x y g e n  v o l u m e  c o n t e n t ,  i s  
n o t  r e c o m m e n d e d ,  f o r  t h e  r e a s o n s  s t a t e d  i n  t h e  t e x t .  
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C o n t i n u o u s  d e t e r m i n a t i o n  o f  o x y g e n  
c o n c e n t r a t i o n  b a s e d  o n  m a g n e t i c  p r o p -
e r t i e s  o f  g a s e s .  
T r a n s .  A . S . M . E . ,  V o l .  7 0 ,  1 9 4 8 ,  r p . 2 1 1
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A P P E N D I X  A  
C a l c u l a t i o n  o f  P U r g o  G a s  F l o w  R e q u i r e m e n t s   
1 .  C L T 1 D 3  
F r o m  r e f e r e n c e  8 ,  
X  =  1 2 9  R  k  ( 4 )54 : Z = h 3  w h e n  H  < 1 1 , 0 0 0  m e t r e s ,  a n d  
7 6 )  
X  =  1 2 9  R  k  ( 1 . 5  
	
w h e n  H :'  - 1 1 , 0 0 0  m e t r e s ,  w h e r e  
1 0
4  
X  =  r a t e  o f  a i r  r e l e a s e  i n  f t 3 / M i n .  f r o m  1 0 0 / i m p .  g a l l o n s  
a t  6 0 ° F  a n d  a t  t h e  p r e s s u r e  a p p r o p r i a t e  t o  t h e  
a l t i t u d e  H  i n  m e t r e s .  
R  =  r a t e  o f  c l i m b  ( =  5 0 0 0  f t , / M i n .  n  1 5 2 4  m e t r e s / M i n .  i n  
t h i s  c a s e )  
k  =  s o l u b i l i t y  )  =  v o l .  p e r c e n t a g e  g a s  d i s s o l v e d  i n  
l i q u i d / g a s  p a r t i a l  p r e s s u r e ,  
c o e f f i c i e n t
j  	
0 . 0 1 8 p e r  c e n t / n . m .  H g .  f o r  k e r o s i n e .  
-  .  
P u r i :  0 ;  w i t h  N i t r o r e n  
T h u s ,  
T o t a l  o x y g e n  c o n t e n t  o f  r e l e a s e d  a i r  a n d  p u r g i n g  g a s  
0 . 1 2 1  
0 . 3 2 6  X   
=  	
-  
X  p u r g e  v o l u m e  
P u r g e  v o l u m e  	 0 . 2 0 5   
X  	
-  0 . 1 2 1  -  1 j 1   
i . e .  1  v o l u m e  o f  r e l e a s e d  a i r  i s  r e q u i r e d  t o  b e  d i l u t e d  - i t h  1 . 7  
v o l u m e s  o f  n i t r o g e n .  
-20- 
Purging nLth combustion products  
0.326 X + 0.06(Purge volume)  Total oxygen content = 0.121 - X + PUrge volume 
Thus, Purge volume 	 0.205  X 	 - 0.061 = 5'36  
For improved safety, the oxygen content may be purged 
to 10 per cent, then 
Purge volume 	 0.226  
- 0.040 - '565  
2. DESCENT  
Purging with nitrogen 
Total oxygen content of added gases 
0.121 - 0.21 (inhaled air volume)  
,  
volume change of original air 
But inhaled air volume = volume change of original air - purge gas 
volume 
Thus, Purge gas volume = 0.0679 (Vol. change of original air), ft3. 
Purging with combustion products  
Total oxygen content of added gases 
0.21 (inhaled air vol.) + 0.06 (purge gas vol.)  
Volume change of original air 
Thus, 	 Purge gas volume = 0.095 (Vol. change of original air, ft3. 
For 10 per cent oxygen, 
Purge gas volume = 0.118 (Vol. change of original airJ,ft3.  
- 2 1  -  
A P P E N D I X  B   
N o t e s  o n  a  P r o p o s e d  c h a m b e r  p r o b e  I n s t a l l a t i o n  
A  s c h e m a t i c  l a y o u t  o f  a  c o m p l e t e  p u r g i n g  s y s t e m  i s  
s h o w n  i n  f i g .  2 3 ,  a n d  n o t e s  o n  t h e  i n d i v i d u a l  c o m p o n e n t s  a r e  g i v e n  
b e l o w .  
1 .  
F u e l - c o o l e d  p r o b e ,  a n d  g a s  c o o l e r   
R e s u l t s  h a v e  s h o w n  s u f f i c i e n t  h e a t  c a p a c i t y  t o  b e  
a v a i l a b l e  i n  t h e  f u e l  d e s t i n e d  f o r  o n e  c h a m b e r  t o  c o o l  t h e  p r o b e ,  
a n d  i n  a  f u r t h e r ,  e q u a l ,  q u a n t i t y  o f  f u e l  t o  c o o l  t h e  s a m p l e d  g a s  
t o  2 0 0 ° C .  T h e  p r o b e  a n d  c o o l e r  s h o u l d  t h e r e f o r e  f o r m  a  s i n g l e  
u n i t  i n c o r p o r a t i n g  t h e  t w o  s e p a r a t e  f u e l  f l o w s .  T h e  t e m p e r a t u r e  
o f  t h e  c o o l i n g  f u e l  m a y  b e  l o w  a t  a l t i t u d e ,  a n d  t h e  g a s  c o o l e r  
s h o u l d  t h u s  b e  o f  t h e  p a r a l l e l ,  r a t h e r  t h a n  t h e  c o n t r a f l o w ,  t y p e  
i n  o r d e r  t o  a v o i d  c o n d e n s a t i o n  a n d  f r e e z i n g  i n  t h e  o u t l e t  g a s .  
T h e  h i g h  p r e s s u r e  d i f f e r e n c e  e x i s t i n g  b e t w e e n  t h e  f u e l  a n d  g a s  
p a s s a g e s  s u g g e s t s  a  t u b e  d e s i g n  f o r  a d e q u a t e  s t r e n g t h .  C a l c u l a -
t i o n s  s h o w  t h a t  a  3 / 8 i n .  I / D  g a s  t u b e  w o u l d  r e a u i r e  a  d e v e l o p e d  
l e n g t h  o f  a b o u t  1 1  f t .  t o  b r i n g  t h e  g a s  t e m p e r a t u r e  d o w n  t o  2 0 0 °
C .  
2 .  
O n - o f f  C o c k   
T h i s  h a s  b e e n  i n t r o d u c e d  s o  t h a t  t h e  p u r g i n g  s y s t e m  m a y  
b e  t u r n e d  o f f  i f ,  a t  i d l i n g  s p e e d ,  t h e  p u r g e  g a s  b e c o m e s  i n s u f f -
i c i e n t l y  i n e r t ,  o r  t h e  f u e l  f l o w  u n a b l e  t o  c o o l  t h e  p r o b e .  T h e  
c o c k  c o u l d .  b e  
 c o n t r o l l e d  b y  e i t h e r  a  d i r e c t  i n t e r l i n k  w i t h  t h e  
t h r o t t l e ,  o r  a  s e r v o  s y s t e m  o p e r a t e d  b y  f u e l  p r e s s u r e .  
3 .  C o n d e n s e r  
I n  o r d e r  t o  p r e v e n t  t h e  a c c u m u l a t i o n  o f  c o n d e n s e d  w a t e r  
i n  t h e  f u e l  t a n k s ,  t h e  c o n d e n s e r  t e m p e r a t u r e  m u s t  b e  a t  l e a s t  a s  
l o w  a s  t h a t  i n  t h e  t a n k s .  T h i s  s u g g e s t s  a s  c o o l i n g  m e d i u m  t h e  
f u e l  f e e d i n g  f r o m  t h e  t a n k s  t o  t h e  e n g i n e .  T h e  c o n d e n s e r  m u s t  
b e  a b l e  t o  d i s p o s e  o f  t h e  c o n d e n s a t e ,  o r  t o  r e t a i n  i t  w i t h o u t  
i m p e d i n g  t h e  g a s  f l o w .  T h e  c o n d e n s e r  s h o u l d  b e  s u i t a b l y  l o c a t e d  
i n  r e l a t i o n  t o  t h e  e n g i n e  h e a t  t o  p r e v e n t  t h e  f o r m a t i o n  o f  i c e .  
L a g g i n g  a n d / O r  f i l t r a t i o n  m a y  a l s o  b e  n e c e s s a r y .  
4 .  
C o n t r o l  V a l v e ,  a n d  F u e l  T a n k  V e n t s   
M a n y  a l t e r n a t i v e  v a l v e  a n d  v e n t  a r r a n g e m e n t s  a r e  p o s s i b l e ,  
b u t  a  v a l v e  o f  s o m e  t y p e  i s  e s s e n t i a l  t o  c o n t r o l  t h e  f l o w  r a t e  o f  
t h e  p u r g e  g a s ,  t o  p r e v e n t  r e t u r n  f l o w ,  a n d  t o  m a i n t a i n  t h e  r e q u i r e d  
d e g r e e  o f  p r e s s u r i s a t i o n  w i t h i n  t h e  t a n k s .  A n y  r e d u c t i o n  i n  g a s  
p r e s s u r e  e f f e c t e d  b y  t h i s  v a l v e  w i l l  a l s o  a s s i s t  i n  d r y i n g  t h e  f l o w  
o f  p u r g e  g a s .  I n  a d d i t i o n ,  t h e  v a l v e  m a y  b e  s p e c i a l l y  d e s i g n e d  
t o  p e r m i t  m a x i m u m  p u r g i n g  o f  t h e  o x y g e n - r i c h  a i r  d u r i n g  t h e  c l i m b ,  
a n d ,  i n  a  s u s t a i n e d  f l i g h t  a t  c o n s t a n t  a l t i t u d e ,  t o  m a i n t a i n  t h e  
»2Z— 
tank pressure with purge gas at a slightly lower pressure level 
than the setting of the tank vent. This would obviate the 
otherwise continuous purge flow, which is unnecessary at constant 
altitude. The tank vents, which would probably be of conventional 
design, should be located as far as possible fron the purge gas 
inlet to obtain a maximum purging effect throughout the tank free 
space. 
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